The paramagnetic resonance of a spin-label attached to a protein in solution, or in a single crystal, depends on static as well as on the dynamic features of its molecular environment.' This conformation-dependent paramagnetic resonance offers the possibility of relating structural properties of proteins in single crystals to those in solutions. The present paper is a brief report of a study of this type. Here we compare the paramagnetic resonance spectra of spin-labeled horse hemoglobin in solution, and in single crystals, for the carbonmonoxy-and acid met (ferric) derivatives. The present work was stimulated by an earlier, puzzling observation that the paramagnetic resonance spectra of spin-labeled horse oxy-and acid methemoglobin in solution are significantly different,2 whereas Perutz and co-workers have shown that these two molecules must have very similar secondary and tertiary structures, and identical quaternary structures in the crystalline state. 3 4 Materials and Methods.-The spin-label used in the present work is N-(1-oxyl-2,2,6,6-tetramethyl-4-piperidinyl) iodoacetamide (V),
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This label, analogous to the five-membered nitroxide ring iodoacetamide label described previously,2 was prepared as follows: Commercially available 2,2,6,6-tetramethyl-4-aminopiperidine (I) was acetylated at O0 in acetic anhydride.-The resulting 2,2,6,6-tetramethyl-4-acetamidopiperidine (II) was treated with hydrogen peroxide in the standard manner6' 7 to give the corresponding nitroxide (III) in 65% yield (based on the starting material I) after recrystallization from toluene, mp 139-141' (uncorrected). Hydrolysis of III with refluxing 10% sodium hydroxide gave a 72% yield of hygroscopic 2,2,6,6-tetramethyl-4-aminopiperidine-1-oxyl (IV), which was purified by distillation, bp 61-63°(1 mm). The product crystallized in the receiver. Coupling of (IV) with iodoacetic acid that was freshly recrystallized from benzene-hexane was accomplished with pure dicyclohexylcarbodiimide in ethyl acetate.8 Chromatography on neutral alumina followed by recrystallization from toluene-hexane gave label V in 60% yield, mp 118.5-120.5o (uncorrected).
Horse hemoglobin was prepared by the method of Benesch and Benesch.9 The hemoglobin was labeled with the iodoacetamide V, using procedures similar to those described previously.2 The crystals were prepared with a recipe kindly given to us by Dr. M. F. Perutz:4 Hemoglobin crystals were obtained from a series of vials, each containing 2 ml of 2% labeled carbon monoxide hemoglobin (HbCO), or methemoglobin (met Hb), and between 2 and 3 ml of solution "A." Solution "A" contained 2 vol of 4 M (NH4)2SO4 and 1 vol of 2 M (NH4)2HP04. After crystals were formed they were "cured" by addition of ca. 0.3 ml of a 1.8 M NH4H2PO4 solution to 4-5 ml of the suspension medium. This brought the final crystal pH to 6.9 or 7.0. No significant changes in the resonance spectra of the single crystals were detected in the range pH 6.8-7.2. In the present study we used crystals of HbCO rather than oxyhemoglobin (HbO2) in order to reduce the likelihood of contamination by met Hb. Results.-Resonance spectra of spin-labeled carbonmonoxy-and methemoglobin in solution are shown in Figure 1 . It is clear that these spectra are different from one another. Such differences can be attributed unambiguously to some difference in the conformation of the spin-labeled protein.
Spin-label resonance spectra of single crystals of HbCO and met Hb were recorded at hundreds of different crystal orientations. Examples of such spectra are shown in Figure 2 , for a crystal of HbCO and a crystal of met Hb, at the same orientation relative to the applied magnetic field. As Figure 2 dicates, we can find no significant difference in the resonance spectra of spinlabeled HbCO and met Hb. This conclusion is further supported by spectral data such as those given in Figure 3 , which show resonance line positions for a crystal of HbCO, and a crystal of met Hb, plotted on the same graph. The N14 nuclear hyperfine splittings are the same to within the experimental error. To within this error, discussed below, the spin-labels in HbCO crystals have exactly the same orientations as they do in the met Hb crystals. The spini-label crystal spectra are thus in excellent accord with the X-ray crystal studies of Perutz and co-workers.3 4However, for reasons to be discussed later, we cannot say that the resonance spectra of the two derivatives in the single crystal are absolutely identical. First, we give a brief summary of our interpretation of the single crystal spectra, and then consider possible errors in our comparisons of these spectra.
The data given in Figures 2 and 3 tell us immediately that any given label attached to a given reactive sulfhydryl at position A-93 in the tetramer a2fl2 takes up one of two possible and, roughly, equally probable orientations. We designate these orientations 1 and 2. This conclusion follows from the facts that (a) in the monoclinic space group C2 the two molecules in the unit cell have the same orientations (b) the two labels in each tetramer are related by a molecular twofold axis that coincides with the monoclinic twofold symmetry axis b, VOL. 60, 1968 which is perpendicular to the applied magnetic field for the spectra in Figures 2 and 3, (c) symmetry-related pairs of labels, such as 1 and 1' or 2 and 2', give identical spectra under condition (b), and (d) the spectral data in Figures 2 and  3 show the presence of two distinct label orientations, 1 and 2. As expected, resonance spectra at field orientations not parallel or perpendicular to b showed four distinguishable radical orientations. The analysis of spectra in terms of the orientations of labels has been outlined previously"-'3 and will be described in detail for the present system in a future publication. Here we briefly outline the results. -70-I -90-Because of the near cylindrical symmetry of the nuclear hyperfine term in the spin Hamiltonian, and its large anisotropy, the principal axis for the large nuclear hyperfine splitting is found rather easily experimentally, whereas the two principal axes perpendicular to this are difficult to distinguish from one another, and no attempt is made to do this here. A unit vector parallel to the principal axis is designated e, since this axis must be nearly coincident with the odd-electron 2pTr-orbital axis of the nitroxide group. Our anIalysis of the resoitatice spectra shows that for both derivatives, = cos(110' i 50) ue + cos(57' at 50)ub +cos(41' i 50)u,* ±2 = cos(73' L 10) u0 + cos(136' ± 10)ub +cos(51' :1: 10')u,* Here u. and ub are unit vectors parallel to the monoclinic axes a and b, and uc* = U0 X ub. The plus-or-minus signs, e.g., += , indicate that the magnetic resonance experiment does not distinguish between these directions. The orientation =1 in the crystal is easily determined, and the maximum hyper-fine splitting, 66 i 1 gauss, obtained when the applied field is parallel to x, leaves no doubt that this label is strongly immobilized in the crystal. The orientation =2 in the crystal was more difficult to determine, and this may be due to the fact that label 2 undergoes enough motion (e.g., torsional oscillation) to broaden and displace its resonance spectrum. The maximum hyperfine splitting for label 2, 65 ± 3 gauss, was difficult to measure precisely, and may be significantly less than that of label 1. The two principal directions -x and =2 found here are nearly perpendicular to one another. In crystals of horse oxy-and methemoglobin labeled with N-(1-oxyl-2,2,6,6-tetramethyl4-piperidinyl)-maleimide, two mutually perpendicular principal hyperfine directions have also been found, one parallel to ±ua and the other parallel to ± Ub.14 The isomeric label states must therefore be a structural feature of the labeling molecule, probably involving isomeric conformations of the six-membered nitroxide ring relative to the protein.
We now consider possible experimental errors involved in comparing single crystal spectra of HbCO and met Hb. With our present apparatus, the crystals could not be oriented with an absolute accuracy of more than 4 30 or 4 5°, so that comparisons of splittings, such as those in Figure 2 , sometimes involve an assumed correction of the order of 5°. Perhaps the greatest source of uncertainty arises from a possible variation in the state of label 2 in crystals of a given hemoglobin derivative. This variability manifests itself in a possible small variation in the maximum splitting due to label 2 from crystal to crystal, and most definitely in a sizable variability in the relative peak-to-peak intensities of the signals from labels 1 and 2. Temperature studies in the range -150 to 390C show that this is definitely not a temperature effect, as these relative intensities are little changed in this range. This variability in the spectra may be due to small variations in the water and/or salt content of the crystals, in spite of the fact that the crystals were enclosed in plastic mounts to prevent drying and were crystallized from very similar if not identical solvents.
Suggestive but not yet definitive experiments have been carried out with polycrystalline suspensions of HbCO and met Hb. When well-formed crystals of labeled HbCO or met Hb were gently broken up to give polycrystalline samples, the resonance spectra of these samples always gave (for both HbCO and met Hb) two high field peaks, "turning points," corresponding to the maximum hyperfine splittings seen for labels 1 and 2 in the intact crystals. When the crystals were more extensively broken up (e.g., mashed), the intensity of the high field signal with the same splitting as 2 became weaker, or disappeared. Mashing the crystals quite obviously removes water from the lattice, and this could reduce the motion of label 2, or its relative concentration. The main uncertainty in this experiment stems from the fact that the mildly crushed crystals never gave absolutely isotropic resonance spectra.
The apparent identity of crystal spectra such as those shown in Figure 2 for HbCO and met Hb could be an artifact if authentic differences in the state of the labels in the two derivatives were exactly compensated for by small differences in the water and ion composition of the crystals. This seems to be an improbable but nevertheless real possibility. Alternatively, the crystal spectra of HbCO and met Hb may be identical under some conditions (e.g., lower humidity) and not identical under other conditions (e.g., higher humidity). Based on our present data, we can only conclude with certainty that the single crystal spectra of HbCO and met Hb are very similar to one another, and that single crystal solvent conditions (perhaps differential) can be found where they are essentially identical. Also we suspect that it is likely that differential solvent conditions can be found where the spectra of HbCO and met Hb are identical or very similar in solution.
There appears to be a simple relationship between the single crystal spectra and the solution spectra. The solution spectra have two components, indicated by A and B in Figure 1 . These correspond to relatively strongly immobilized labels, and weakly immobilized labels, respectively. It is reasonable to believe that the solution signal B derives from spin-label state 2 in the single crystal, and solution signal A derives from spin-label state 1 in the single crystal. That is not to say that signals A and B are isotropic averages of the single crystal spectra of labels 1 and 2; this is certainly not true for solution signal B, which is definitely more weakly immobilized than label 2 in the single crystal.
It is clear that spin-labels can serve as delicate indicators of protein conformation changes in solution, as well as in single crystals, and that the accuracy of the present results for the single crystals can be significantly increased. It is also clear that while the various conformational changes detected here are doubtless quite small, changes of just this sort may well be significant for some biochemical properties of proteins. The change in spin-label resonance in solution2 for the deoxygenation process HbO2 deoxy Hb has an entirely different character from the change reported here for the process HbCO -.o met Hb, and this is of course completely consistent with the X-ray crystallographic studies.3 15 Studies of the paramagnetic resonance of labeled deoxyhemoglobin crystals will be reported in a future publication.
Summary.-(1) In solutions the paramagnetic resonance of spin-labeled horse carbonmonoxyhemoglobin and horse methemoglobin are distinctly different, indicating a definite but probably small difference in the structures of these molecules under the same solvent conditions.
(2) In single crystals, the spin-label resonance spectra of these two derivatives are the same to within present experimental errors, showing that under these conditions the protein structures of the two derivatives must be very similar. The single crystal spin-label resonance spectra are thus in excellent accord with the crystallographic results of Perutz and co-workers.
(3) The spin-label spectra in single crystals of hemoglobin derivatives are very closely related to, but not identical to, these spectra in solution. The spectra indicate clearly that there can be no gross change of protein structure on going from the single crystals to solution, and some of the changes that do occur can be associated with the high salt concentrations used for crystallizing the protein.
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